Highlights d eIF4A3 is phosphorylated at threonine 163 by CDK1 and CDK2 d T163 phosphorylation triggers EJC remodeling d T163 phosphorylation affects NMD efficiency in a cell cycledependent manner d T163 dephosphorylation promotes M-to-G 1 transition In Brief Ryu et al. show that eIF4A3 (a core EJC component) is phosphorylated at the threonine 163 position by CDK1 and CDK2 in a cell cycle-dependent manner. This event triggers EJC remodeling and affects NMD efficiency in a cell cycledependent manner.
INTRODUCTION
Messenger ribonucleoproteins (mRNPs) are continuously remodeled throughout their whole lifetime, from mRNA synthesis to mRNA degradation (Singh et al., 2015) . In metazoan cells, a pivotal protein component of mRNPs is the exon junction complex (EJC), which is deposited onto an mRNA $20-24 nt upstream of an exon-exon junction as a consequence of a splicing event in the nucleus (Le Hir et al., 2000) . The EJC serves as a molecular marker of proper splicing of intron-containing pre-mRNAs and concomitantly influences various essential steps of gene expression (Boehm and Gehring, 2016; Le Hir et al., 2016; Woodward et al., 2017 ; additional references therein). In the nucleus, an EJC deposited onto a partially spliced pre-mRNA affects splicing of flanking introns. In addition, the EJC enhances mRNP export from the nucleus to the cytoplasm and promotes translation of spliced mRNAs there. The EJC also triggers nonsense-mediated mRNA decay (NMD), by which transcripts harboring a premature translation termination codon (PTC) are selectively degraded (Hug et al., 2016; Karousis et al., 2016; Kim and Maquat, 2019) . Furthermore, proper spatiotemporal localization of a subset of mRNAs in Drosophila oocytes is ensured by the EJC (Hachet and Ephrussi, 2004) .
The EJC is a multiprotein complex composed of four core proteins and several peripheral proteins (Boehm and Gehring, 2016; Le Hir et al., 2016; Woodward et al., 2017) . The core proteins are eukaryotic translation initiation factor 4A3 (eIF4A3), metastatic lymph node 51 (MLN51, also known as barentsz or CASC3), Y14 (also known as RNA-binding motif 8A), and mago nashi homolog (MAGOH). In the EJC core, eIF4A3 is at the center of a network of interactions. Structural analysis has revealed that eIF4A3 has two states depending on the arrangement of its two RecA-like domains: an open conformation of free or MLN51bound eIF4A3 and a closed conformation in the EJC (Andersen et al., 2006; Bono et al., 2004 Bono et al., , 2006 . In the open conformation, eIF4A3 has weak binding activity toward RNA. In the closed conformation, however, the two RecA-like domains are in close proximity and form a deep cleft, providing the binding sites for ATP and RNA. MLN51 wraps around eIF4A3 and interacts with a heterodimer of MAGOH and Y14, which also binds to the interdomain cleft of eIF4A3, stabilizing the closed conformation of eIF4A3.
The deposition of a core EJC on an mRNA is initiated at an early step of splicing via a CWC22-mediated mechanism linking a splicing event to a step for the recruitment of eIF4A3 to mRNA (Alexandrov et al., 2012; Barbosa et al., 2012; Buchwald et al., 2013; Steckelberg et al., 2012) . The direct interaction between CWC22 and eIF4A3 maintains eIF4A3 in the open conformation, which is unfavorable for binding of eIF4A3 to ATP and mRNA and, presumably, delivers eIF4A3 to an active spliceosome. Then, a transition of eIF4A3 from the open to the closed conformation allows eIF4A3 to clamp the RNA with the help of a heterodimer of MAGOH and Y14 as well as MLN51. The resulting EJC properly deposited onto the spliced mRNA triggers effective mRNP export from the nucleus to the cytoplasm.
In the cytoplasm, EJCs are released from mRNAs under the influence of PYM (partner of Y14 and MAGOH) in a translationdependent manner (Gehring et al., 2009) . PYM binds to the Y14-MAGOH complex and to the small subunit of a ribosome via its N-terminal and C-terminal region, respectively. When an elongating ribosome encounters an EJC, the ribosome-associated PYM interacts with Y14-MAGOH, disrupting the interaction between eIF4A3 and Y14-MAGOH. This mutually exclusive interaction promotes disassembly of the EJC and dissociation of its components from mRNA (Andersen et al., 2006; Bono et al., 2004 Bono et al., , 2006 Gehring et al., 2009) .
Although abundant data regarding the composition and structure of EJCs are available, the molecular basis of the mechanism regulating EJC assembly and disassembly is currently unclear. In this study, we provide evidence that the threonine 163 residue (T163) positioned in the RNA-binding motif of eIF4A3 is phosphorylated by cyclin-dependent protein kinases 1 and 2 (CDK1 and CDK2) in a cell cycle-dependent manner. These events trigger EJC remodeling and, consequently, affect NMD efficacy during the cell cycle, highlighting the effect of the regulation of eIF4A3 phosphorylation on EJC remodeling.
RESULTS
eIF4A3 Is Phosphorylated at the Threonine 163 Residue To investigate possible post-translational modifications in eIF4A3 (a core component of the EJC), we carried out immunoprecipitation (IP) using HEK293T cells expressing FLAG-eIF4A3 (Figure 1A) . The immunopurified FLAG-eIF4A3 band was then excised and subjected to liquid chromatography-tandem mass spectrometry (LC-MS/MS). The LC-MS/MS results identified a single phosphorylated site at the threonine 163 (T163) position at a coverage rate of 90% (50 peptides; Figure S1A ). The specific To demonstrate that western blotting was semiquantitative, 3-fold serial dilutions of total cell extracts were loaded in the four leftmost lanes. The immunoglobulin heavy chain is indicated by an asterisk. (B) IP of FLAG-eIF4A3 using extracts of cells depleted of endogenous CDK1. Representative images from two biological replicates (n = 2) are shown. (C) IP of FLAG-eIF4A3 using extracts of cells overexpressing CDK1-HA-WT or -DN; n = 3. (D) An in vitro kinase assay involving a purified recombinant CDK1-cyclin B1 complex and either His-eIF4A3-WT or -T163A. The relative amount and integrity of each protein were demonstrated by silver staining. The extent of T163 phosphorylation was determined by western blotting (WB) with the anti-p-eIF4A3 antibody. n = 2. (E) An in vitro kinase assay by means of the purified recombinant CDK2-cyclin A2 complex and either His-eIF4A3-WT or -T163A; n = 2. See also Figure S1 . phosphorylation of endogenous eIF4A3 at T163 was next confirmed by western blotting using immunopurified endogenous eIF4A3 and a lab-made anti-phospho (p)-specific eIF4A3 antibody ( Figure 1A , bottom). Of note, our anti-p-eIF4A3 antibody yielded one nonspecific band (below p-eIF4A3) in the samples before IP. Nevertheless, the nonspecific band disappeared after the sample was subjected to IP of endogenous eIF4A3. Therefore, to minimize the nonspecific band throughout our present study, we always determined the amount of p-eIF4A3 by western blotting involving immunopurified endogenous or FLAG-tagged eIF4A3. Indeed, our anti-p-eIF4A3 antibody reacted with immunopurified FLAG-eIF4A3 but not with immunopurified FLAG-eIF4A1 ( Figure S1B ), which is highly similar to eIF4A3 in the amino acid sequence (Li et al., 1999) , thus indicating high specificity of the anti-p-eIF4A3 antibody (see also Figure 2C ; our anti-p-eIF4A3 antibody reacted only with FLAG-eIF4A3-wild-type [WT], not with FLAG-eIF4A3-T163A or FLAG-eIF4A3-T163D).
CDK1 and CDK2 Trigger T163 Phosphorylation of eIF4A3
Existing phosphoproteomics data have shown possible phosphorylation of eIF4A3 by CDKs (Chi et al., 2008; Dephoure et al., 2008) . Therefore, we tested whether CDKs induce eIF4A3 phosphorylation at T163. First, downregulation of CDK1 (Figure 1B) or CDK2 ( Figure S1C ) via a specific small interfering RNA (siRNA) reduced T163 phosphorylation of immunopurified FLAG-eIF4A3. Second, overexpression of a dominant-negative (DN) form of CDK1 ( Figure 1C ) or CDK2 ( Figure S1D (A) Structure of an EJC complex with bound RNA (PDB: 2HYI). Left: ribbon diagrams of eIF4A3, MLN51, Y14, and MAGOH are shown in purple, yellow, cyan, and green, respectively. Bound RNA and ATP molecules are shown as stick models. Right: a close-up view of the RNA-binding region of eIF4A3. A bound magnesium ion is presented as a red ball. The T163 residue is indicated by a red dotted circle. The positions of six ribonucleotides (uridylates) are indicated as ''U1-U6.'' (B) A schematic diagram of the Rb-8bs-intron and Rb-8bs-no intron reporter mRNAs. RLuc, Renilla luciferase; gbGl and cbGl, genomic and intronless DNA sequences of b-globin, respectively; MS2-8bs, eight tandem repeats of bacteriophage MS2-binding sites. (C and D) IPs of FLAG-eIF4A3-WT, -T163A, or -T163D with an anti-FLAG antibody in the extracts of HEK293T cells transiently expressing either FLAG-eIF4A3-WT or its mutant, pGL3-control expressing intronless firefly luciferase (FLuc) mRNA, and either Rb-8bs-intron or Rb-8bs-no intron reporter mRNA. (C) Comparable IPs and specific phosphorylation of FLAG-eIF4A3. (D) The levels of coimmunopurified reporter mRNAs were normalized to the level of coimmunopurified FLuc mRNAs. The normalized level in the IP from the extracts of cells expressing FLAG-eIF4A3-WT and Rb-8bs-intron was arbitrarily set to 1.0. Two-tailed and equal-variance Student's t test was carried out for statistical analysis; *p < 0.05, **p < 0.01; n = 3. (E) Association between eIF4A3 and endogenous transcripts containing multiple introns; as in (D), except that the amounts of coimmunopurified endogenous transcripts were normalized to the level of coimmunopurified endogenous intronless histone H2A mRNA. **p < 0.01, n = 3. See also Figure S2 . reduced T163 phosphorylation of immunopurified FLAG-eIF4A3. Third, the purified recombinant complexes CDK1-cyclin B1 (Figure 1D) and CDK2-cyclin A2 ( Figure 1E ), but not CDK2-cyclin E1 ( Figure S1E ) or BSA ( Figure 1E ), triggered (in an ATP-dependent manner) phosphorylation of purified recombinant WT eIF4A3 (hereafter called eIF4A3-WT), but not of eIF4A3-T163A, which contained a single amino acid substitution of threonine (T) with alanine (A) at position 163 (preventing phosphorylation). All in vivo and in vitro data indicate that CDK1-cyclin B1 and CDK2-cyclin A2 phosphorylate eIF4A3 on the T163 residue. In support of this conclusion, the amino acid sequence around T163 of eIF4A3 (i.e., sequence pTPGR) perfectly matches the consensus sequence of the phosphorylation site of a CDK substrate: [p(S/T)PX(K/R)] (Bertoli et al., 2013; Hydbring et al., 2016) .
T163 Phosphorylation Hinders Binding of eIF4A3 to Spliced mRNAs
In an EJC, six ribonucleotides are in contact with eIF4A3 on the surface opposite the ATP-binding site of the EJC (Andersen et al., 2006; Bono et al., 2004 Bono et al., , 2006 . Notably, the fifth phosphate, which links the fourth and fifth ribonucleotides, comes into direct contact with eIF4A3 T163 (Figure 2A ), which corresponds to the phosphorylation site identified in this study (Figure 1) . These observations raised the possibility that T163 phosphorylation may affect the RNA-binding ability of eIF4A3.
To verify this possibility, we employed two reporter mRNAs, Rb-8bs-intron and Rb-8bs-no intron ( Figure 2B ), encoding Renilla luciferase (RLuc) followed by either the genomic or intronless sequence of the b-globin (bGl) gene, respectively, and eight tandem repeats of bacteriophage MS2-binding sites (8bs) in the 3 0 UTR. The two reporter plasmids were expected to express mRNAs of identical sequences. Nonetheless, Rb-8bs-intron mRNA should carry two EJCs because of the presence of two introns. On the contrary, Rb-8bs-no intron mRNA should have no EJCs.
Next, we conducted RNA-IP experiments by means of the reporter mRNAs to assess the RNA-binding ability of eIF4A3-WT and its mutants T163A and T163D, in which T163 was replaced by neutral alanine (A) or aspartic acid (D) to prevent or mimic phosphorylation, respectively. Comparable IP efficacy and specific phosphorylation were confirmed by western blotting (Figure 2C) . Analysis of coimmunopurified mRNAs revealed that Rb-8bs-intron mRNA was preferentially enriched in the IPs of FLAG-eIF4A3-WT and -T163A compared with Rb-8bs-no intron mRNA ( Figure 2D ). Moreover, a greater amount of Rb-8bs-intron mRNA coimmunopurified with FLAG-eIF4A3-T163A than with FLAG-eIF4A3-WT. On the contrary, only a marginal amount of Rb-8bs-intron mRNA coimmunopurified with the T163D mutant. In line with these results, greater amounts of the endogenous transcripts containing multiple introns (that is, endogenous transcripts bound to multiple EJCs after splicing) were observed in the IP of the T163A mutant in comparison with that of WT eIF4A3 ( Figure 2E ): small nucleolar RNA host gene 1 (SNHG1) RNA, growth arrest-specific 5 (GAS5) RNA, and SMG7 mRNA; the first two of the three are noncoding RNAs (ncRNAs). In contrast, the endogenous transcripts barely coimmunopurified with the T163D mutant.
The inhibitory effect of T163 phosphorylation on the association between eIF4A3 and spliced mRNAs was further confirmed by a reduction in the amounts of copurified FLAG-eIF4A3-T163D, relative to FLAG-eIF4A3-T163A, in an RNA pull-down assay using maltose-binding protein (MBP; Figures S2A and  S2B ). All of these data indicate that T163 phosphorylation hinders the association between eIF4A3 and a spliced (intron-containing) mRNA. Of note, eIF4A3-WT and its mutants manifested nuclear distribution ( Figure S2C ), indicating that the phosphorylation itself does not significantly affect the nuclear localization of eIF4A3.
Phosphorylated eIF4A3 Fails to Form an EJC
We next wondered whether elimination of the RNA-binding ability of eIF4A3 by T163 phosphorylation affects EJC assembly. To address this question, we performed IPs on cells expressing either FLAG-eIF4A3-WT or one of its mutants (Figure 3A) . The cell extracts were either left untreated or treated with RNase A before IP. Similarity of expression as well as IP efficacy of FLAG-eIF4A3 (either WT or mutants) were confirmed by western blotting. In addition, efficient removal of cellular RNAs by RNase A treatment was evident because of almost complete elimination of endogenous GAPDH mRNAs ( Figure S3A ). The IP data showed that all EJC core components coimmunopurified with FLAG-eIF4A3-WT and -T163A but not with FLAG-eIF4A3-T163D. In addition, cap-binding protein 80 (CBP80), but not eukaryotic translation initiation factor 4E (eIF4E), was preferentially enriched in IPs of FLAG-eIF4A3-WT and -T163A but not in the IP of FLAG-eIF4A3-T163D. In agreement with these data, the EJC is known to preferentially associate with a newly synthesized mRNA bound to a nuclear cap-binding complex (a heterodimer of CBP80 and CBP20) rather than with a cytoplasmic cap-binding protein, eIF4E (Lejeune et al., 2002) . Of note, all of the observed interactions were resistant to RNase A treatment, pointing to an RNA-independent association. Furthermore, reciprocal IPs in the extracts of cells transiently expressing lN-hemagglutinin (HA)-fused GFP, lN-HA-Y14, or lN-HA-MAGOH showed that FLAG-eIF4A3-WT and -T163A, but not -T163D, coimmunopurified with lN-HA-Y14 and lN-HA-MAGOH (Figure S3B ). All of these data indicate that p-eIF4A3 fails to form an EJC.
T163 Phosphorylation by CDKs Occurs in the Cytoplasm after EJC Disassembly
We next investigated where and when T163 phosphorylation takes place. First, the results of IPs using the cytoplasmic extracts revealed that, when PYM was overexpressed, $27fold more endogenous PYM (which is known to trigger EJC disassembly; Gehring et al., 2009) , the amount of cytoplasmic p-eIF4A3 increased 2.1-fold ( Figures 3B and S3C ). Second, the results of IPs using the cytoplasmic extracts of CDK1-depleted cells revealed that downregulation of CDK1 reduced the level of cytoplasmic p-eIF4A3 by 2.2-fold ( Figures S3D and S3E ). Third, treatment of the cells with puromycin, which is a potent translation inhibitor (and, consequently, inhibits EJC disassembly by an elongating ribosome), reduced the amount of cytoplasmic p-eIF4A3 $2.5-fold ( Figure S3F ). Taken together, these (C) The structure of eIF4A3 in complex with CWC22 (PDB: 4C9B). Ribbon diagrams of eIF4A3 and CWC22 are shown in purple and blue, respectively. Residue T163 is indicated by a red dotted circle. (D) Preferential association of p-eIF4A3 with CWC22. IPs were performed with an antibody against endogenous CWC22, Y14, or eIF4A3. n = 2. (E) IPs of FLAG-eIF4A3-WT in cells overexpressing either WT or DN CDK1-HA; n = 3. See also Figure S3 . data suggest that eIF4A3 is phosphorylated by CDK1 and/or possibly CDK2 after EJC disassembly in the cytoplasm.
T163 Phosphorylation Promotes an Association between eIF4A3 and CWC22
Because the nuclear localization of eIF4A3 was not affected by T163 phosphorylation (Figure S2C ), the eIF4A3 phosphorylated by CDKs in the cytoplasm after EJC disassembly may efficiently enter the nucleus for recycling. CWC22 directly interacted with eIF4A3 with an open conformation ( Figure 3C ) and is known to guide it toward an active spliceosome in the nucleus (Alexandrov et al., 2012; Barbosa et al., 2012; Buchwald et al., 2013; Steckelberg et al., 2012) . Therefore, it is likely that T163 phosphorylation may have an influence on the interaction between eIF4A3 and CWC22.
The IP results revealed that endogenous p-eIF4A3 was preferentially enriched in the IP of CWC22, not that of Y14 ( Figure 3D ). Furthermore, overexpression of a DN form of either CDK1 (Figure 3E) or CDK2 ( Figure S3G ) significantly reduced the amount of coimmunopurified CWC22 in the FLAG-eIF4A3 IP assay. In addition, CWC22 was preferentially enriched in the immunoprecipitates of FLAG-eIF4A3-T163D in an RNase A-resistant manner compared with the immunoprecipitates of FLAG-eIF4A3-WT or FLAG-eIF4A3-T163A ( Figure 3A) . These observations indicate that T163 phosphorylation of eIF4A3 promotes an association between eIF4A3 and CWC22.
Transcriptome-wide Effect of T163 Phosphorylation of eIF4A3
Next, to look for transcriptome-wide interactions between target transcripts and eIF4A3-WT, -T163A, or -T163D, we conducted two biologically independent cross-linking IP experiments coupled with high-throughput sequencing (CLIP-seq; CLIP1 and CLIP2) using eIF4A3-depleted HeLa cells expressing FLAG-eIF4A3-WT, -T163A, or -T163D ( Figure 4 ). The specificity of IPs was confirmed by western blotting ( Figure S4A ). In CLIP1 and CLIP2, 42.8-44.9 and 42.5-43.7 million raw reads, respectively, were generated by high-throughput sequencing (Table  S1 ). After adaptor sequence trimming in the CutAdapt software, removal of ribosomal sequences by means of RiboPicker, and mapping to the human reference genome sequence (hg19) using STAR Aligner, 3.9-9.1 and 1.7-3.3 million uniquely mapped reads were obtained in CLIP1 and CLIP2, respectively (Table  S1 ). We then calculated Pearson correlation coefficients (r) between CLIP1 and CLIP2 for fragments per kilobase of transcript per million mapped reads (FPKM) per gene. All calculated Pearson correlation coefficients were greater than 0.807, indicating strong correlations between CLIP1 and CLIP2 (Figures S4B-S4D).
To assess potential differences in the binding of eIF4A3-WT, -T163A, and -T163D to different regions of transcripts, we next performed peak calling in the CLIP1 and CLIP2 data by means of the Piranha software (Uren et al., 2012) . According to the mapped positions of the peaks on transcripts, the called peaks were categorized into the following seven regions: 5 0 UTRs, coding sequences (CDSs), 3 0 UTRs, introns of a protein-coding gene, ncRNAs, introns of ncRNA genes, and ''no annotation.'' The relative distributions of the called peaks adjusted for the nucleotide length of the regions yielded preferential mapping of the peaks from CLIPs of eIF4A3-WT and -T163A to CDSs compared with those of the CLIP of T163D (Figures 4A and 4B) . In addition, the peaks from CLIPs of eIF4A3-WT and -T163A were more enriched in the 5 0 UTR than in the 3 0 UTR (5.2-and 5.7-fold in CLIP1, respectively [ Figure 4A ]; 7.6-and 7.8fold in CLIP2, respectively [ Figure 4B ]). In support of this finding, one report has shown that 5 0 UTRs contain 3-fold more introns than 3 0 UTRs (Bicknell et al., 2012) .
T163 Phosphorylation Hinders Position-Dependent
Loading of eIF4A3 onto a CDS We further analyzed the CLIP-seq data to narrow down the eIF4A3-binding sites in CDSs. For this purpose, the centers of the uniquely mapped reads, which mapped to the exons of CDSs, were analyzed. After that, the centers were plotted with reference to the 3 0 ends of the exons of CDSs. In agreement with previous transcriptome-wide analyses of eIF4A3-binding sites (Hauer et al., 2016; Sauliè re et al., 2012; Singh et al., 2012) , we observed preferential enrichment of the uniquely mapped reads from eIF4A3-WT CLIP or T163A CLIP at sites $24 nt upstream of the 3 0 ends of the exons of CDSs (Figures 4C and 4D for CLIP1 and CLIP2, respectively). On the contrary, the uniquely mapped reads from T163D CLIP manifested marginal enrichment at those sites; it is most likely that these reads were due to a nonspecific or basal association of eIF4A3-T163D with RNAs. A similar analysis of the overlapping peaks located in introns of protein-coding genes from two independent CLIP experiments (Table S1 ) revealed no preferential enrichment in introns compared with a random distribution ( Figure 4E ), indicating a nonspecific association between eIF4A3 (WT, T163A, and T163D) and introns under our conditions. eIF4A3 may bind to a noncanonical region (as either a free molecule or a component of the EJC) or to a canonical region (Sauliè re et al., 2012; Singh et al., 2012) . Therefore, we next compared the percentages of canonical and noncanonical peaks located in the exons of protein-coding genes among CLIPs of eIF4A3-WT, -T163A, and -T163D. To this end, the overlapping peaks from two independent CLIP experiments (Table S1) were categorized into two groups: ''canonical peak'' (peaks located between 40 and 10 nt upstream of exon-exon junctions) and ''noncanonical peak'' (peaks located elsewhere in exons). As the thresholds for reads per million mapped reads (RPMs) of the peaks increased from 0 to 10, the percentage of canonical peaks gradually increased from 20% to 50% in eIF4A3-WT CLIP and T163A CLIP ( Figure 4F ), in line with one report showing that (F) Percentages of canonical and noncanonical peaks mapped to an exonic region according to different thresholds for peak RPMs. (G and H) Relative number of RPMs of reads mapped to an individual canonical (G) and noncanonical (H) exonic region. The RPMs of reads from eIF4A3-WT CLIP were arbitrarily set to 1.0 (0 on a log 10 scale). The thick green lines indicate a median value (0.39 and À3.20 for T163A and T163D in G, respectively; 0.28 and À3.01 for T163A and T163D in H, respectively). The p values were calculated by one-tailed Mann-Whitney U test. See also Figure S4 and Table S1. half of the peaks from eIF4A3-WT CLIP are located in the canonical region (Sauliè re et al., 2012) . In contrast, the percentage of canonical peaks in the T163D CLIP remained $10%. These data indicate that a significant proportion of eIF4A3 peaks obtained in eIF4A3-WT CLIP and eIF4A3-T163A CLIP, but not eIF4A3-T163D CLIP, are enriched at canonical EJC sites.
Further analysis of the canonical and noncanonical peaks revealed a purine-rich motif, GAAGA or AAGAA, as the predominant RNA motif for eIF4A3 binding ( Figure S4E ), in agreement with another report (Sauliè re et al., 2012) . In addition, the RPMs of the reads from eIF4A3-WT CLIP and T163A CLIP that mapped to a canonical ( Figure 4G ) or noncanonical ( Figure 4H ) exonic region of individual protein-coding genes were substantially lower in the T163D CLIP; the median values (on a log 10 scale) of a ratio of eIF4A3-WT CLIP to T163A CLIP and eIF4A3-WT CLIP to T163D CLIP were 0.39 and À3.20 in canonical regions and 0.28 and À3.01 in noncanonical regions, respectively. Selected examples of canonical peaks also showed preferential enrichment of eIF4A3-WT and -T163A and marginal enrichment of eIF4A3-T163D 24 nt upstream of exon-exon junctions ( Figure S4F ). Altogether, these data suggest that T163 phosphorylation hinders the binding of eIF4A3 to RNA at canonical and noncanonical EJC sites, disrupting the preferential deposition of eIF4A3 $24 nt upstream of 3 0 ends of exons.
T163 Phosphorylation Inhibits NMD
Considering that EJCs play a crucial role in NMD, the molecular events (characterized above) that were caused by T163 phosphorylation might have an effect on NMD. To test this possibility, we first generated HeLa cell lines that expressed siRNA-resistant and doxycycline (Dox)-inducible FLAG-eIF4A3-WT, -T163A, or -T163D. Then, using these cell lines, we analyzed NMD efficiency by measuring the levels of exogenously expressed NMD reporter mRNAs (b-Gl and GPx1 mRNAs that were either harboring [Ter] or not harboring [Norm] a PTC) and endogenous NMD substrates. Specific downregulation of endogenous eIF4A3 by siRNA and comparable induction of FLAG-eIF4A3 relative to endogenous eIF4A3 by addition of Dox were confirmed by western blotting ( Figure S5A ). The results revealed that eIF4A3 downregulation significantly increased the amounts of exogenously expressed NMD reporter mRNAs ( Figures 5A and 5B ) and of endogenous NMD substrates ( Figure 5C ). Moreover, the observed increase was significantly reversed by induction of FLAG-eIF4A3-WT and -T163A, but not -T163D, via Dox treatment. We next assessed differentially expressed genes (DEGs) in two biological replicates of mRNA sequencing of total RNA samples obtained from HeLa cell lines that were either undepleted or depleted of eIF4A3 and expressed inducible FLAG-eIF4A3-WT, -T163A, or -T163D ( Figure S5B ). The DEG analysis revealed that 1,406 and 1,365 genes were significantly upregulated and downregulated, respectively, at least 1.5-fold (p < 0.05) when the cells were depleted of eIF4A3 (Table S2 ). Moreover, the upregulation of DEGs was significantly reversed by induction of WT or T163A, but not T163D, in our analysis of mRNA sequencing data ( Figure 5D ; Table S3 ) and in validation experiments (Table  S4 ). Furthermore, the levels of NMD substrates experimentally determined in another transcriptome analysis (Yepiskoposyan et al., 2011) were significantly higher after downregulation of eIF4A3, and this effect was reversed by induction of WT or T163A but not T163D ( Figure 5E ). All of these data indicate that T163 phosphorylation of eIF4A3 inhibits NMD.
The Level of p-eIF4A3 Varies throughout the Cell Cycle We know that (1) the complexes CDK1-cyclin B and CDK2-cyclin alanine mainly function as M and S phase regulators, respectively (Bertoli et al., 2013; Hydbring et al., 2016) , and (2) p-eIF4A3dependent transcripts are significantly enriched with the gene ontology (GO) term ''regulation of cell cycle'' ( Figure S5C ; Tables  S3 and S4 ). Therefore, our finding of eIF4A3 phosphorylation by CDK1 and CDK2 prompted us to test whether the level of eIF4A3 phosphorylation varies throughout the cell cycle. To this end, we employed HeLa cell lines that expressed siRNA-resistant and Dox-inducible FLAG-eIF4A3-WT ( Figures 6A and S6A ). Synchronization of the cells at the G 1 -to-S transition by double thymidine block (DTB) and the proper release of the cell cycle after DTB removal were confirmed by fluorescence-activated cell sorting (FACS; Figure S6B ) and western blotting with antibodies against CDKs and cyclins ( Figures 6A and S6A , before IP). At the indicated time points after release, total cell extracts were prepared and subjected to IP by means of an antibody against FLAG. The amount of FLAG-p-eIF4A3 was determined by western blotting with an anti-p-eIF4A3 antibody. The results showed that the level of FLAG-p-eIF4A3 fluctuated depending on the cell cycle, with the highest level between late M and early G 1 phase ( Figures  6A and S6A, after IP) . It should be noted that a significant proportion of p-eIF4A3 remained during interphase.
We found that T163 phosphorylation hindered the RNA-binding ability of eIF4A3 ( Figure 2 ) and promoted an association between eIF4A3 and CWC22 (Figure 3 ). On the basis of these observations, we next investigated whether all of these events were recapitulated in late M phase. For this purpose, we performed IPs on the extracts of inducible HeLa cells arrested either at the G 1 -to-S transition (0 h) or in late M phase (16 h). The IP results showed that newly synthesized exogenously expressed Rb-8bsintron reporter mRNA was enriched in the immunoprecipitate of FLAG-eIF4A3 in late M phase 2.5-fold less in comparison with G 1 -to-S transition ( Figure 6B ). In addition, 2.8-fold more CWC22 was enriched in the immunoprecipitate of FLAG-eIF4A3 in late M phase ( Figure 6C ). Collectively, these data suggest that T163 phosphorylation occurring in late M phase causes loss of the RNA-binding activity of eIF4A3 and promotes an association between eIF4A3 and CWC22.
T163 Dephosphorylation Promotes Effective M-to-G1 Transition
Which phase of the cell cycle is affected by T163 phosphorylation and dephosphorylation? To answer this question, we analyzed HeLa cell lines that express siRNA-resistant and Doxinducible FLAG-eIF4A3-WT, -T163A, or -T163D. In these cell lines, we tested the effects of eIF4A3 downregulation and induction of eIF4A3-WT, -T163A, or -T163D on cell cycle progression ( Figure 6D ; see also Figure S6C for quantitation of the relative cell cycle distribution). FACS data revealed that, although there were no statistically significant effects at earlier time points, eIF4A3 downregulation delayed cell cycle progression 24 h after the release. The observed delay was partially reversed by induction of eIF4A3-WT or -T163A but not eIF4A3-T163D. Altogether, these data suggest that, although T163 dephosphorylation of eIF4A3 is not the main driver, T163 dephosphorylation promotes effective M-to-G 1 transition.
Cell Cycle-Dependent NMD Is Coupled to T163 Phosphorylation of eIF4A3
Given that T163 phosphorylation of eIF4A3 affected NMD (Figure 5) and that the level of T163 phosphorylation varied throughout the cell cycle ( Figures 6A and S6A) , we next wondered whether NMD efficiency varies by cell cycle phase. Because NMD largely targets newly synthesized mRNAs during the first (or pioneer) round of translation (Maquat et al., 2010; Ryu and Kim, 2017; Trcek et al., 2013) , the newly synthesized mRNAs were labeled with 4-thiouridine (4SU). In addition, to rule out a possible transcription effect, the levels of the labeled RNAs were normalized to those of the corresponding pre-mRNAs. The qRT-PCR data revealed that the relative ratios of mRNAs to their pre-mRNAs of newly synthesized endogenous NMD substrates ( Figure 7A ) increased in late M phase and decreased in G 1 phase. Consistent with these results, the relative amounts of exogenously expressed NMD reporter mRNAs yielded a similar pattern ( Figure 7B ), indicating that NMD is repressed in late M phase and recovers in G 1 phase. Notably, the levels of intronless mRNAs and previously characterized EJC-independent NMD substrates (Chan et al., 2007) did not increase in late M phase ( Figure S7 ). In addition, the expression levels of major NMD factors (UPF1, UPF2, and UPF3X) did not significantly change during the cell cycle ( Figure S6A) .
B
D A C E Figure 5 . T163 Phosphorylation of eIF4A3 Affects NMD (A-C) HeLa cells stably expressing siRNA-resistant Dox-inducible FLAG-eIF4A3-WT, -T163A, or -T163D were transiently transfected with either control siRNA or eIF4A3 siRNA. One day after transfection, the cells were retransfected with (1) NMD reporter plasmids (pmCMV-Gl and pmCMV-GPx1) that were either PTC-free (Norm) or contained a PTC (Ter) and (2) the phCMV-MUP reference plasmid. One day later, the cells were harvested, and total cell RNA and protein were purified for analysis. FLAG-eIF4A3-WT, -T163A, or -T163D was induced by treatment with Dox for 2 days. (A and B) NMD of reporter mRNAs. The levels of Gl (A) and GPx1 (B) mRNAs were normalized to the level of MUP mRNA. Normalized levels of Gl Norm mRNA and GPx1 Norm mRNA were arbitrarily set to 100%. *p < 0.05, n = 3. (C) NMD of endogenous NMD substrates. The levels of endogenous NMD substrates were normalized to the amount of endogenous GAPDH mRNA. *p < 0.05, **p < 0.01, n = 3. (D) Cumulative distribution function plots of the ratio of a transcript level after eIF4A3 downregulation to that after control downregulation to compare the effects of induced FLAG-eIF4A3-WT, -T163A, and -T163D. The DEGs upregulated at least 1.5-fold after eIF4A3 downregulation-with reversal by induction of FLAG-eIF4A3-WT-were analyzed. The p values were calculated by two-tailed Mann-Whitney U test. (E) Boxplot analysis of experimentally determined NMD substrates. Among NMD substrates experimentally determined in a previous transcriptome analysis, the transcripts that were upregulated at least 1.5-fold after eIF4A3 downregulation-with reversal by induction of FLAG-eIF4A3-WT-were compared. The p values were calculated by two-tailed Mann-Whitney U test. *p < 0.05, **p < 0.01; #, not significant. See also Figure S5 and Tables S2, S3 , and S4. We next repeated the same complementation experiments as performed in Figure 6D and analyzed the levels of endogenous NMD substrates 24 h after cell cycle release ( Figure 7C ). The levels of endogenous NMD substrates were significantly increased by eIF4A3 downregulation, and this effect was reversed by induction of eIF4A3-WT or -T163A but not eIF4A3-T163D. Therefore, all of these data indicate that maintenance of eIF4A3 phosphorylation causes arrest of the cell cycle at the M-to-G 1 transition and reduces NMD efficiency. Of note, in our GO term enrichment analysis, we identified eight cellular transcripts that are associated with the GO term ''regulation of the cell cycle'' ( Figure S5C ). Among them, cyclin-dependent kinase-like 5 (CDKL5) has been reported to function in cell cycle progression after M phase (Barbiero et al., 2017) NMD-inducing features (Mendell et al., 2004) . Indeed, for CDKL5, the amount of mRNA relative to its pre-mRNA drastically increased as a result of eIF4A3 phosphorylation in our complementation experiments ( Figure 7D ). Therefore, these data suggest that CDKL5 mRNA is one of the endogenous NMD targets, the abundance of which depends on eIF4A3 dephosphorylation for effective M-to-G 1 transition.
DISCUSSION
In this study, we show that eIF4A3 is phosphorylated at T163 by CDK1 and CDK2 in a cell cycle-dependent manner. In addition, we provide molecular evidence that T163 phosphorylation of eIF4A3 contributes to the regulation of EJC assembly and disassembly. Our findings lead us to propose the following model ( Figure 7E ). In the nucleus, CWC22 preferentially associates with p-eIF4A3, as evidenced by our observations that a greater amount of CWC22 is present in the immunoprecipitate of T163D than in the immunoprecipitate of the T163A or WT version of eIF4A3 (Figures 3 and S3 ). After delivery of eIF4A3 to the Figure 6D , except that the relative levels of endogenous NMD substrates were analyzed 24 h after an STB release. The levels of mRNAs were normalized to those of their pre-mRNAs. *p < 0.05; **p < 0.01; #, not significant; n = 3. (D) The effect of eIF4A3 on the levels of transcripts involved in M-to-G 1 transition; as performed in (C), except that, among the eIF4A3-dependent transcripts identified in Figure 5D , previously determined transcripts involved in M-to-G 1 transition were analyzed. The levels of mRNAs were normalized to those of their pre-mRNAs. The level of mRNA of c-JUN, one of the intronless mRNAs, was normalized to that of GAPDH mRNA. **p < 0.01; #, not significant; n = 3. (E) A proposed model for EJC assembly and disassembly regulated by T163 phosphorylation. See Discussion for details. See also Figure S7 . spliceosome guided by CWC22, eIF4A3 dissociates from CWC22 and associates with mRNA and core components of the EJC (MAGOH, Y14, and MLN51). Because p-eIF4A3 lacks RNA-binding ability (Figures 2 and S2) and fails to form a complex with other core components of the EJC (Figures 3 and  S3 ), efficient EJC formation should be preceded by dephosphorylation of eIF4A3 by an unknown phosphatase.
Disassembly of EJCs occurs during the first (or pioneer) round of translation in the cytoplasm (Maquat et al., 2010; Ryu and Kim, 2017) . When a translating ribosome reaches an EJC, ribosomeassociated PYM interacts with the Y14-MAGOH complex and destabilizes the interaction between eIF4A3 and Y14-MAGOH (Andersen et al., 2006; Bono et al., 2004 Bono et al., , 2006 Gehring et al., 2009) . As a consequence, the EJC is displaced from mRNAs and disassembled into two subcomplexes, eIF4A3-MLN51 and Y14-MAGOH, because (1) a significant amount of eIF4A3 is in complex with MLN51 outside of the EJC (Chazal et al., 2013) and (2) Y14 and MAGOH form a stable heterodimer (Fribourg et al., 2003) . Because Y14-MAGOH stabilizes the closed conformation of eIF4A3 in the EJC, the eIF4A3 in the eIF4A3-MLN51 subcomplex has an open conformation, which is favorable for CDK1 and CDK2 binding. Considering that (1) the T163D mutant of eIF4A3 fails to associate with all other EJC core components (Figures 3A and S3B) and (2) T163 phosphorylation occurs after EJC disassembly ( Figure S3F) , it is plausible that CDK1 and CDK2 largely targets eIF4A3 in the eIF4A3-MLN51 subcomplex. When eIF4A3 in the eIF4A3-MLN51 subcomplex is phosphorylated, eIF4A3 eventually dissociates from MLN51 (Figure 3) , completing EJC disassembly. This way, T163 phosphorylation of eIF4A3 prevents possible reassembly of an EJC immediately after transient EJC disassembly by a translating ribosome. After complete disassembly of an EJC, all EJC core components are imported into the nucleus for EJC recycling. Of note, T163 phosphorylation does not affect nuclear import of eIF4A3 ( Figure S2C) .
The continuous cycling of EJC assembly and disassembly mentioned above is likely to be significantly impaired in late M phase. We found that T163 phosphorylation occurs mainly in late M phase (Figures 6A and S6A ) and leads to NMD inhibition in this period (Figure 7) . We also observed that the T163D mutant of eIF4A3 fails to complement cells depleted of eIF4A3 and causes a delay in M-to-G 1 progression ( Figure 6D ). Therefore, it is likely that, when the cell is ready to go through M-to-G 1 transition, an unknown phosphatase triggers dephosphorylation of eIF4A3, concomitantly restoring NMD efficiency. Consequently, the cells will pass through M-to-G 1 transition. In this study, we identified CDKL5 mRNA as one of the plausible NMD substrates, the abundance of which depends on eIF4A3 dephosphorylation for effective M-to-G 1 transition (Figure 7) . Presumably, the CDKL5 protein synthesized from the accumulated CDKL5 mRNA during late M phase may provide a favorable cellular environment for effective M-to-G 1 transition. In addition to NMD, a free EJC component that was detached in late M phase may affect other molecular events, such as alternative splicing or translation mediated by the cap-binding complex, for effective M-to-G 1 transition.
Previous studies and the present one show that (1) a significant amount of p-eIF4A3 remains during interphase ( Figures   6A and S6A); (2) the EJC is a multifunctional protein complex that affects splicing, mRNP export, mRNA translation, and mRNA stability (Boehm and Gehring, 2016; Le Hir et al., 2016; Woodward et al., 2017) ; (3) EJCs are loaded onto other noncanonical regions in addition to the canonical regions $24 nt upstream of an exon-exon junction (Singh et al., 2012) ; and (4) free eIF4A3 preferentially promotes translation of mRNAs bound to a nuclear cap-binding complex Ryu and Kim, 2017) . Therefore, p-eIF4A3 may function in other regulatory pathways during interphase. More complicated than they look, recent data provide growing evidence of noncanonical functions of CDKs in transcription, DNA repair, apoptosis, and cell differentiation (Hydbring et al., 2016) . In this regard, future studies should address a variety of biological functions of CDK1 and CDK2-mediated T163 phosphorylation of eIF4A3.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
The following human cell lines were used in this study: HeLa (sex: female; ATCC) and HEK293T (fetal; ATCC). The cell lines were maintained in Dulbecco's modified Eagle's medium (HyClone) supplemented with 10% (v/v) of fetal bovine serum (HyClone) and 1% (v/v) of a penicillin/streptomycin solution (HyClone) at 37 C and 5% CO 2 . To prevent mycoplasma contamination, all cell lines were regularly treated with Plasmocin TM (Invivogen) and tested using the MycoAlert PLUS Mycoplasma detection kit (Lonza) according to manufacturer's instructions.
METHOD DETAILS

Plasmid construction
The following plasmids were previously described or obtained elsewhere: pGL3-Control (Promega); p3xFLAG (Sigma); pCMV-MYC, pLVX-TRE3G, and pLVX-TET3G (Clontech); p3xFLAG-eIF4A3-WT, which expresses human eIF4A3 resistant to eIF4A3 siRNA, pRSETA-eIF4A3-WT, plasmids Rb-8bs-intron and Rb-8bs-no intron, and pMS2-HA-MBP ; plN-HA and plN-HA-GFP (Cho et al., 2015) ; pMS2-HA (Kim et al., 2005) ; pCN-MS2-Y14 and pCN-MS2-MAGOH (Nott et al., 2004) ; pCMV-CDK1-HA-WT, pCMV-CDK1-HA-DN, pCMV-CDK2-HA-WT, and pCMV-CDK2-HA-DN [Addgene #1888, #1889, #1884, and #1885, respectively (van den Heuvel and Harlow, 1993)]; pOTB7-PYM (Korea Human Gene Bank; hMU012323); pCZ-CWC22 (Steckelberg et al., 2012) ; and pmCMV-Gl-Norm and -Ter, pmCMV-GPx1-Norm and -Ter, and phCMV-MUP (Kim et al., 2005) . For the construction of plasmids p3xFLAG-eIF4A3-T163A and -T163D, each fragment containing a mutation was amplified by twostep PCR. First, specific 5 0 and 3 0 fragments were amplified by PCR using p3xFLAG-eIF4A3-WT as a template and specific oligonucleotides: (i) eIF4A3-F and eIF4A3-T163A-R for the 5 0 fragment of T163A, (ii) eIF4A3-T163A-F and eIF4A3-R for the 3 0 fragment of T163A, (iii) eIF4A3-F and eIF4A3-T163D-R for the 5 0 fragment of T163D, and (iv) eIF4A3-T163D-F and eIF4A3-R for the 3 0 fragment of T163D (Table S5 ). Next, the PCR-amplified fragments corresponding to the 5 0 and 3 0 fragments were mixed and reamplified by PCR with oligonucleotides for the second PCR: eIF4A3-F and eIF4A3-R (Table S5 ). The final PCR products digested with BglII and AccI were ligated to linearized p3xFLAG-eIF4A3-WT prepared by digestion with BglII and AccI.
To construct pcDNA3.1-eIF4A3-WT, -T163A, and -T163D, which served as templates for in vitro transcription, a fragment of p3xFLAG-eIF4A3-WT, -T163A, or -T163D, which was sequentially treated with NotI, Klenow, and XbaI, was ligated to linearized vector pcDNA3.1-3xFLAG, which was treated sequentially with BamHI, Klenow, and XbaI.
To construct p3xFLAG-eIF4A1, a fragment corresponding to the coding sequence of human eIF4A1 was amplified by PCR using pET28a-eIF4A1 as a template and specific oligonucleotides: eIF4A1-F and eIF4A1-R (Table S5 ). The PCR-amplified products digested with SalI and BamHI were ligated to linearized plasmid p3xFLAG, which was prepared by digestion with SalI and BamHI.
To construct plasmids plN-HA-Y14 and plN-HA-MAGOH, DNA fragments containing the coding sequences of human Y14 and MAGOH were amplified by PCR using pCN-MS2-Y14 and or pCN-MS2-MAGOH, respectively, as a template and specific oligonucleotides: (i) Y14-F and Y14-R for Y14, and (ii) MAGOH-F and MAGOH-R for MAGOH (Table S5 ). The PCR-amplified fragments digested with EcoRI and XbaI were ligated to linearized vector plN-HA, which was prepared by digestion with EcoRI and XbaI.
To construct the pCMV-MYC-PYM plasmid, a DNA fragment containing the coding sequence of human PYM was amplified by PCR using plasmid pOTB7-PYM as a template and two specific oligonucleotides: PYM-F and PYM-R (Table S5 ). The PCR product digested with EcoRI and Acc65I was ligated to linearized plasmid pCMV-MYC, which was prepared by digestion with EcoRI and Acc65I.
For construction of pCMV-MYC-CWC22, a DNA fragment from pCZ-CWC22, which was sequentially treated with XhoI, Klenow, and NotI, was ligated to linearized vector pCMV-MYC, which was sequentially treated with SalI, Klenow, and NotI.
To establish cell lines that stably express inducible FLAG-eIF4A3-WT, -T163A, and -T163D, a DNA fragment containing FLAG-eIF4A3-WT, -T163A, or -T163D was amplified by PCR using p3xFLAG-eIF4A3-WT, -T163A, or -T163D as a template and two specific oligonucleotides: eIF4A3-tet-F and eIF4A3-tet-R (Table S5 ). The PCR product digested with BamHI and NotI was ligated to pLVX-TRE3G linearized by digestion with BamHI and NotI.
For bacterial expression of recombinant eIF4A3-T163A, pRSETA-eIF4A3-T163A was generated by means of the QuikChange mutagenesis kit (NEB) using pRSETA-eIF4A3-WT as a template with specific oligonucleotides: eIF4A3-T163A-recomb-F and eIF4A3-T163A-recomb-R (Table S5) .
Transfections
Cells were transiently transfected with the indicated plasmids or 100 mM in vitro-synthesized siRNAs (GenePharma) using Lipofectamine 2000 (Life Technologies; for DNA transfection), Lipofectamine 3000 (Life Technologies; for cell cycle progression after eIF4A3 downregulation), or Oligofectamine (Life Technologies; for siRNA transfection) (Cho et al., 2015; Choe et al., 2014; Park et al., 2016) . For DNA transfection into HEK293T cells, the calcium phosphate transfection method was employed.
siRNA sequences
The following siRNA sequences were used for specific downregulation: 5 0 -r(CAGGUUAUAUCUCAUCUUUGA)d(TT)-3 0 (CDK1 siRNA) and 5 0 -r(GGAGCUUGUUAUCGCAAAU)d(TT)-3 0 (CDK2 siRNA). The sequences of nonspecific control siRNA (Kim et al., 2005) and eIF4A3 siRNA Palacios et al., 2004) were described previously.
Generation of stable cell lines
To establish Tet-on cell lines, HeLa cells were cotransfected with pLVX-TET3G and pLVX-TRE3G-FLAG-eIF4A3-WT, -T163A, or -T163D. Two days later, the transfected cells were serially diluted and maintained in the normal growth medium containing 600 mg/ml G418 (Geneticin; GIBCO) and 0.2 mg/ml puromycin (Sigma) for 3 weeks. Later, single colonies were isolated and subjected to western blotting for analysis of Dox (Sigma)-dependent expression of the FLAG-eIF4A3 protein. The final cell lines were maintained in the normal growth medium containing 300 mg/ml G418 and 0.1 mg/ml puromycin. For induction of the FLAG-eIF4A3 protein, 50-100 ng/ml Dox was added to the medium.
Western blotting
Primary antibodies against the following proteins served for western blotting or IP: eIF4A3 [Santa Cruz Biotechnology or ], MLN51 (Abcam), MAGOH (Abcam), Y14 (Abnova), PYM (Abcam), CWC22 (Abnova and Sigma), CBP80 , eIF4E (Cell Signaling Technology), FLAG (Sigma), HA (Roche), MYC (Calbiochem), CDK1 (Bethyl Laboratories), CDK2 (Bethyl Laboratories), eIF4A1 (Abcam), b-actin (Sigma), snRNP70 (Santa Cruz Biotechnology), cyclin B1 (Cell Signaling Technology), cyclin E1 (Bethyl Laboratories), cyclin A2 (Cell Signaling Technology), UPF1 (a gift from Dr. Lynne E. Maquat), UPF2 , UPF3X , and GAPDH (AbFrontier). Secondary antibodies against the primary antibodies were used for western blotting: a peroxidase-conjugated goat anti-mouse IgG antibody and goat anti-rabbit IgG antibody (Millipore) and a peroxidaseconjugated goat anti-rat IgG antibody (Abcam).
A lab-made antibody against phosphorylated T163 of eIF4A3 was raised in rabbits against C-HVVAG(pT)PGRVFDMIR, where pT indicates phospho-threonine. Later, rabbit serum samples were processed by affinity chromatography on immobilized phosphopeptides to purify the antibody.
Signal intensities of bands were quantitated in the Multi Gauge software (version 3.0, Fujifilm).
IP, RNA-IP, the MBP pull-down assay, and nucleocytoplasmic fractionation IP, RNA-IP, and MBP pull-down assays were performed using HEK293T cells, HeLa cells, or eIF4A3-inducible HeLa Tet-on cell lines. For IP, cells were washed with ice-cold phosphate-buffered saline (PBS) and harvested by centrifugation at 3,000 3 g for 10 min at 4 C. The pellet was resuspended in 500 mL of NET-2 buffer [50 mM Tris-Cl (pH 7.4), 150 mM NaCl, 1 mM phenylmethylsulfonyl fluoride (Sigma), 2 mM benzamidine hydrochloride (Sigma), 0.05% of NP-40 (IGEPALâ CA-630; Sigma), 10 mM sodium fluoride (Sigma), and 0.25 mM sodium orthovanadate (Sigma)]. The cells in the suspension were ruptured by two rounds of sonication with 30 bursts of 1 s each (output control: 3, duty cycle: 30%; Sonifier 250, Branson), and the lysates were centrifuged at 13,000 3 g for 10 min at 4 C. The supernatants were precleared with 50 ml of protein G agarose 4B (Incospharm) for 1 h at 4 C. The precleared supernatants were mixed with antibody-conjugated beads or the FLAG M2 affinity gel (Sigma) and incubated for 3 h at 4 C. Later, the beads were washed five times with the NET-2 buffer and resuspended in 100 ml of 2 3 sample buffer [10% b-mercaptoethanol, 4% SDS, 100 mM Tris-HCl (pH 6.8), 15% glycerol, and 0.008% bromophenol blue]. Coimmunopurified proteins were analyzed by western blotting. RNP-IP was performed similarly to IP except (i) the NET-2 buffer was supplemented with 0.2 U/ml RiboLock RNase inhibitor (Thermo Scientific), (ii) the beads were saturated with 10 mg/ml denatured yeast tRNAs (Sigma), (iii) the bound RNAs were extracted using phenol/chloroform/isoamyl alcohol and precipitated with ethanol, and (iv) the resulting RNA samples were analyzed by qRT-PCR.
MBP pull-down assays were conducted by a method similar to RNA-IP except (i) the cells were cross-linked with 0.3% formaldehyde (Sigma) in PBS for 10 min and then quenched with 250 mM glycine (Duchefa) in PBS for 5 min before harvesting and (ii) an amylose resin (NEB) saturated with 10 mg/ml denatured yeast tRNAs was employed instead of the antibody-conjugated resin. Copurified proteins and RNAs were analyzed by western blotting and semiquantitative RT-PCR, respectively.
Nuclear and cytoplasmic fractionation followed by IP or RNA-IP was similar to IP or RNA-IP procedures except (i) the cell pellet was lysed with hypotonic buffer [10 mM Tris-Cl (pH 7.4), 10 mM phenylmethylsulfonyl fluoride, 2 mM benzamidine hydrochloride, 10 mM EDTA, 0.1% Triton X-100 (Sigma), 10 mM sodium fluoride, and 0.25 mM sodium orthovanadate] to obtain the cytoplasmic extracts, (ii) 150 mM NaCl (final concentration) was added to the cytoplasmic extracts before preclearing, and (iii) the beads were washed five times with NET-2 buffer after incubation with the antibody-conjugated resin.
When indicated, the supernatant was treated with 2 mg of RNase A (Sigma) before IP and incubated for 15 min at 37 C.
Quantitative reverse-transcription PCR analysis
Total-cell RNA samples were prepared using the TRIzol Reagent (Life Technologies). Complementary DNAs (cDNAs) were synthesized as described previously Park et al., 2017) . Briefly, the total-RNA samples were prepared by means of TRIzol (Life Technologies) according to the manufacturer's instructions and digested for 45 min at 37 C with 0.05 U/ml DNase I (Thermo Scientific) supplemented with 0.4 U/ml RNase inhibitor. After purification by means of phenol/chloroform/isoamyl alcohol followed by ethanol precipitation, the RNA samples were denatured by heating at 95 C for 5 min and rapid chilling on ice for 5 min. The denatured RNA samples were subjected to cDNA synthesis for 2 h at 37 C with 6 U/ml RevertAid Reverse Transcriptase (Thermo Scientific) supplemented with 1 U/ml RNase inhibitor according to the manufacturer's instructions. After that, the reverse transcriptase in the reaction was inactivated by heating at 95 C for 5 min. qRT-PCR analysis was performed with gene-specific oligonucleotides (Table S6 ) and the Light Cycler 480 SYBR Green I Master Mix (Roche) on a Light Cycler 480 II machine (Roche) according to manufacturer's instructions.
To quantify RNAs pulled down by MBP, semiquantitative RT-PCRs were carried out as described elsewhere . Oligonucleotides for the detection of RLuc mRNA and GAPDH mRNA are described in Table S6. set up according to the following annotation: CDSs > 5 0 UTRs > 3 0 UTRs > lncRNAs > introns of mRNAs > intron of lncRNAs > No annotation. These categories are a modification of a method described previously (Sauliè re et al., 2010) . To calculate peak enrichment in each category, the number of peaks was divided by the size of the corresponding region.
Analysis of eIF4A3-binding sites
To explore eIF4A3-binding sites located in the exons of CDSs, multiexon mRNAs (the number of exons > 3) from RefSeq were employed. Among alternative forms of the same gene, the longest one was selected as a representative with more than 1 FPKM (fragments per kilobase of transcript per million mapped reads) from our mRNA sequencing data. The normalized expression values were calculated by means of the Cufflinks pipeline (Trapnell et al., 2010) . The center of uniquely mapped reads upstream of exonexon junctions was analyzed in different exons of the coding regions. The results were visualized using Kernel Density Estimation. To ascertain the distributional differences among eIF4A3-WT, T163A, and T163D, the Kolmogorov-Smirnov test implemented in the scipy.stats.ks_2samp module of the SciPy Python library was applied to statistical analysis.
For the analysis of eIF4A3-binding sites located in the introns, the centers of the overlapping peaks mapped to introns were determined using the data from the CLIPs of eIF4A3-WT, -T163A, and -T163D. The intersectBed option of Bedtools was applied to mask the peaks mapped to alternative exons within intronic regions. For comparison, the 2,000 positions located in intronic regions were randomly selected using random.permutation and random.choice modules of the Python NumPy library.
To determine whether T163 phosphorylation of eIF4A3 affects its binding to exons of protein-coding genes at the transcriptome level, the peaks or reads mapped to exons of protein-coding genes were classified into two categories: (i) canonical peaks or reads, the centers of which were located between 40 and 10 nucleotides upstream of the exon-exon junctions, and (ii) noncanonical peaks or reads with their centers outside the canonical regions of exons. To determine the percentages of canonical and noncanonical peaks according to different thresholds, canonical or noncanonical overlapping peaks were obtained from CLIP1 and CLIP2 data by means of Piranha (-b 20 -a 0.85).
To explore changes in the abundance of the reads mapped to an individual canonical or noncanonical exonic region upon T163 phosphorylation at the genome-wide level, the reads (RPMs R 1.0) mapped to canonical or noncanonical exonic regions were first selected from the data of eIF4A3-WT CLIPs. Then, the mean values of RPMs obtained from the CLIPs of eIF4A3-T163A or -T163D were normalized to those of the WT and presented on the log 10 scale. To avoid division by zero, an arbitrary pseudo-count (0.001) was added before normalization.
Consensus motif analysis
To discover potential consensus motifs, the MEME (v.5.0.1) algorithm was executed using the top 1,000 canonical and noncanonical overlapping peaks from the CLIPs of eIF4A3-WT and -T163A, respectively (Bailey et al., 2009 ). The motif length was restricted to 6-8 nucleotides. Finally, the consensus motif with the lowest E value was selected as the representative. In T163D CLIP, we obtained only 47 canonical and 440 noncanonical peaks. Because of the insufficient number of the peaks, we could not discover a significant consensus motif by means of T163D CLIP data.
Analysis of differentially expressed genes (DEGs)
Gene expression was quantified in FPKM by means of mRNA sequencing data in Cufflinks version 2.2.1 (Trapnell et al., 2010) . DEGs (either upregulated or downregulated at least 1.5-fold after eIF4A3 downregulation; p < 0.05) were detected by the Cuffdiff program, a part of the Cufflinks software package (Table S2) . Among those DEGs, we assessed only a DEG group including the genes whose expression change was reversed by Dox-mediated induction of FLAG-eIF4A3-WT (at least 1.5-fold; p < 0.05; Table S3 ).
For GO evaluation, the DEG group was uploaded to DAVID (Huang et al., 2009a (Huang et al., , 2009b and then analyzed with the functional annotation tool. The output file was downloaded, and then GO terms and their corresponding P values were acquired.
To evaluate the expression of NMD substrates in the DEG group, we used the list of endogenous NMD substrates evaluated experimentally in another report (Yepiskoposyan et al., 2011) . The list of NMD substrates consisted of 157 genes (judging by gene symbols) that were significantly upregulated in both UPF1-and SMG6-depleted HeLa cells. Of these, 123 genes with a nonzero FPKM value were matched with the genes in our dataset, among which 40 genes were found to be upregulated by the eIF4A3 downregulation and to undergo reversal of expression under the influence of Dox-mediated induction of FLAG-eIF4A3-WT in our DEG group. The two-sided t test implemented in the scipy.stats.ttest in a module of the SciPy Python library was applied to statistical analysis.
QUANTIFICATION AND STATISTICAL ANALYSIS
In most cases, data obtained from three or four biological replicates were analyzed, unless indicated otherwise in the Figure legends. Statistical significance defined as a P value < 0.05 or < 0.01 was determined by two-tailed and equal-variance Student's t test. Data are presented as the mean ± standard deviation. In case of cumulative distribution function analysis, statistical significance was determined by the two-tailed Mann-Whitney U test. For the analysis of correlation between mRNA sequencing data of two biological replicates, Pearson's correlation coefficients (r) were calculated. To assess the distribution of the centers of uniquely mapped reads with reference to the 3 0 ends of the exons of CDSs, P values were calculated by the two-sided Kolmogorov-Smirnov test. To assess the relative number of RPMs of reads mapped to an individual canonical and noncanonical region, P values were calculated by the one-tailed Mann-Whitney U test.
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